The research on the seismic behaviour of prestressed slabcolumn connections has been limited. 1,2 The present paper summarizes the results of an experimental program conducted on connections of prestressed slabs with edge columns and proposes design recommendations.
INTRODUCTION
The research on the seismic behaviour of prestressed slabcolumn connections has been limited. 1, 2 The present paper summarizes the results of an experimental program conducted on connections of prestressed slabs with edge columns and proposes design recommendations.
ACI 318-02 3 requires that the factored nominal shear strength φv n exceed the maximum factored shear stress v u at the inner critical section at d/2 from the column face and at the outer critical section at d/2 from the outer edge of the shear-reinforced zone. In the shear reinforced zone, the shear strengths provided by the shear reinforcement and by the concrete are given (according to ACI 318-02 3 and ACI 421.1R-99 4 ) by (1) where A v is the area of shear reinforcement within its spacing s, f yv is the specified yield strength of shear reinforcement, and v c = (1/6)√f c ′ in MPa (2√f c ′ in psi). When stud shear reinforcements (SSR) are used, ACI 421.1R-99 4 recommends v c = (1/4)√f c ′ in MPa (3√f c ′ in psi) and v n = v c + v s ≤ (2/3)√f c ′ in MPa (8√f c ′ in psi); but for seismic design, the values of v c are to be reduced by 50% to account for the loss of strength provided by concrete caused by unbalanced moment reversals. Megally and Ghali 5 gave recommendations (for consideration by ACI Committee 421) for the seismic design of slab-column connections in structures having shear walls, or other bracing systems, that limit the interstory drift ratio, DR u to 0.025 (permitted by IBC 6 ); DR u is the maximum interstory drift, including inelastic deformation, divided by the story height. The recommendations gave a design procedure to calculate the unbalanced moment M u , and adopted the equations of ACI 421.1R-99 4 for design of shear reinforcement and suggested an increase of the upper limit of v n at d/2 from the column by 25% when the shear stress caused by V u alone did not exceed (1/3)√f c ′ in MPa (that is, when the shear stress was caused mainly by M u rather than by V u ). Based on the experiments presented as follows, the recommendations of Megally and Ghali, 5 intended for nonprestressed slabs, will be considered for the seismic design of the connections of prestressed slabs with edge columns. The steps of design are given in Appendix A. specimens are shown in Fig. 1 . The specimens represented the edge column connections in a 150 mm-thick slab having 6 x 6 m 2 square panels. Of the five specimens, four were prestressed edge slab-column connections and the fifth specimen contained no prestressing and was considered the control slab. The prototype slab had a gravity service live load of 2.4 kPa, superimposed dead load of 1.3 kPa, and self-weight of 3.6 kPa. The prototype was designed such that nine 13 mm (cross sectional area = 99 mm 2 ; effective prestressing force = 110 kN (25,000 lb)) post-tensioned tendons balanced approximately 85% of the service dead load in interior spans and 65% of the service dead load in exterior spans. The tendons were banded in the x-direction and uniformly distributed in the y-direction. In the test specimens, the number of tendons was varied between nine and zero while maintaining approximately the same flexural strength in the x-direction. Stud shear reinforcement was positioned on lines perpendicular to three faces of the column. The greatest and the smallest prestress considered in this research were produced by nine and three tendons per panel of 6.0 m width of the prototype slab. The effective prestress produced by nine or by three tendons averaged 1.1 or 0.4 MPa, respectively, over a cross-sectional area equal to 6.0 x 0.15 m 2 .
The specimens were placed in the test frame shown in Fig. 2 . The specimens were held in a vertical position on a steel support. Three edges of the slab were simply supported by neoprene pads; the fourth edge was free (Fig. 1) . A 1000 kNcapacity horizontal actuator (A) applied the shear force while the two 250 kN vertical actuators (B and C) produced the unbalanced moment. The column was sufficiently reinforced to prevent its failure.
Prestressing reinforcement
The number of tendons in the specimens varied (Table 1) ; nonprestressed reinforcement * was provided to maintain the same negative flexural strengths. The name of each specimen indicates the number of prestressed cables in the x-direction (running perpendicular to the free edge); for example, EC9C indicates edge column with nine prestressed strands. The reinforcement layout in Specimen EC9C is shown in Fig. 3 
The nonprestressed bars used in the slabs are 10M and 15M; cross-sectional areas 100 and 200 mm 15M bars in two directions (Fig. 5) . One prestressing strand, running in the x direction, replaced approximately 1.8 15M bars. Figure 3(b) , (c), and (d) depict the tendons and the top nonprestressed steel in Specimens EC7C, EC5C, and EC3C, respectively.
As mentioned previously, the test specimens were representing edge column-slab connection in a prototype slab having 6.0 m panels in x-and y-directions. The test specimen's plan dimensions were 1.35 and 1.90 m in the x-and y-directions, respectively. The banded tendons, running in the x-direction, produced in the specimens, as well as in the vicinity of edge columns in the prototype slab, greater prestress than the average. The prestress in the prototype slab would approach the average values, 1.1 to 0.4 MPa only at sections far from the free edge. In the y-direction, the prototype slab had distributed tendons. To represent nine tendons per 6.0 m panel, the corresponding test specimen, EC9C, should have 9(1.35/6.0) = 2.03 tendons. The number of tendons provided in the y-direction was two in each of EC9C, EC7C, and EC5C, and one in EC3C. With these numbers and the locations of the tendons shown in Fig. 3 , the prestress in the y-direction was not equal to the average values mentioned previously.
Shear reinforcement
The specimens were provided with more shear reinforcement than the minimum required to resist gravity loads applied to the prototype structure. Each shear stud rail consisted of eight studs (9.5 mm diameter; f yv = 462 MPa [67.0 ksi]) equally spaced at 55 mm; the distance between the column faces and the first line of peripheral studs was 35 mm. The overall height of the stud rails was 115 mm and the diameter of the anchor heads was 30 mm. The rail was 5 mm thick and 25 mm wide. The location of the stud rails of Specimen EC9C is shown in Fig. 6 ; this is typical for all five specimens.
Flexural reinforcement
The specimens were provided with sufficient flexural reinforcement to ensure that punching failure would occur prior to flexural failure. The top nonprestressed flexural reinforcement, perpendicular and parallel to the free edge, consisted of 15M bars. All prestressed specimens had approximately the same flexural capacity as the nonprestressed specimen, EC0C (Fig. 5 ). The flexural capacity was assessed using the yield-line theory; refer to Fig. 7 and Column 5 of Table 2 . In applying the yield line theory, appropriate flexural strength values are assigned to the nonprestressed reinforcement and the prestressed tendons. All test specimens had the same uniform bottom flexural reinforcement in two orthogonal directions (Fig. 6) .
For both the top and bottom reinforcements, the cover was 20 mm. This resulted in effective depths of 122 and 106 mm for the two steel directions. All top and bottom flexural reinforcements running in the x-direction were bent at 180 degrees to provide anchorage near the edges of the slab (Fig. 4(a) ). All reinforcement running in the y-direction had adequate development length without the need of bends.
Splitting reinforcement
Two studs were provided at each anchorage of the prestressing tendons to control horizontal splitting cracks that can occur through the slab thickness. An example of the location of the splitting reinforcement is shown in Fig. 6 for Fig. 2 -Test frame.
Fig. 3-Prestressed cables and top nonprestressed reinforcement: (a) Specimen EC9C; (b) Specimen EC7C; (c) Specimen EC5C; and (d) Specimen EC3C.
Specimen EC9C. The same type of stud as the SSR was used. At anchorages located at the free edge, no studs were provided, specifically to reinforce against splitting, in addition to the studs used as shear reinforcement.
Loading Stage 1
This testing stage replicated the application of gravity loads prior to an earthquake occurrence. The shearing force 
Loading Stage 2
Loading Stage 2 simulated the seismic action on the prototype structure when subjected to an earthquake. While the force (V u ) max = 110 kN was sustained, the two column ends were displaced a distance of ∆/2 in opposite directions (Fig. 1) . The amplitude of the displacements ∆ was increased in increments of 1 mm. For each increment, three reversal cycles were performed. After reaching the maximum unbalanced moment (M O ) max , only one cycle was performed for each displacement increment. The increments of the imposed cyclic displacements continued until 20% of the unbalanced moment capacity was lost (Fig. 8) . The positive directions of V u , M O , deflection ∆, and DR are indicated in Fig. 1 .
TEST RESULTS
It should be mentioned that Specimen EC7C failed prematurely before completing Loading Stage 2, due to malfunctioning of the loading equipment (very high V u was inadvertently introduced). Consequently, for this specimen, the values of the drift ratio after reaching (M O ) max were not recorded.
Ultimate loads and mode of failure
All slabs failed by punching shear inside the shearreinforced zone. Strain measurements on selected shear reinforcing studs indicated that the yielding of studs occurred in each of the five tested specimens. The recorded yield was on studs located within the first three peripheral rows of studs adjacent to the faces of the columns. Before failure, cracks widened considerably; large deflections (40 to 44 mm at ultimate) were recorded around the column slab connection. The maximum positive and negative values of the unbalanced moment (M O ) max are listed in Table 2 (Fig. 9) . For each specimen, two values of (M u ) max are given in Table 2 , corresponding to the positive and the negative (M O ) max . Splitting of the slab through the thickness did not occur at any of the anchors of the tendons.
Hysteresis loops
The large drift ratios recorded in tests (Column 6 to 8, Table 2 ) indicate the ability of the tested slab-column connections to undergo plastic displacement without punching failure. An example of the hysteresis loops of DR versus M O is shown in Fig. 10 for specimen EC0C. Envelopes of the loops for all specimens are shown in Fig. 11 . Columns 6 to 8 of Table 2 list the values of DR y , DR u , and DR u80 (defined in Fig. 8 ).
DISCUSSION OF TEST RESULTS

Flexural strength
As expected, the values of (M O ) max recorded in the tests were smaller than the calculated (M O ) yield line , where (M O ) yield line is the unbalanced moment that can produce f c ′ Table 2 -Test values of unbalanced moments, drift ratios, and shear stresses* (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) Table 2 . Similar yield line analysis with M O reversed confirmed that the failure in the tests was by punching, not by flexure.
Displacement ductility
For seismic design, Pan and Moehle 7 consider that the slabcolumn connections have adequate ductility when µ ∆ ≥ 1.2; where µ ∆ is displacement ductility, defined as (2) where DR u and DR y are identified graphically in Fig. 8 . The values of µ ∆ for the test specimens are given in Column 9 of 
Shear stresses
At an edge column, ACI 421.1R-99 4 calculates the assumed linear stress distribution over the perimeter of the critical sections shown in Fig. 9 and 12 by the equations (3) (4) where b o is the length of the perimeter of the shear critical section; x is the coordinate, with respect to the centroidal principal axes, of the point at which v u is calculated; l x and l y are the projection of critical section on the centroidal principal x and y axes; and I y is the second moment of area about the y axis. Figure 9 and 12 show the positive directions of x and y axes, V u and M uy when (l x /l y ) < 0, γ vy = 0.
It should be mentioned that ACI 318-02 3 uses a parameter J instead of I in Eq. (3) and gives equations for J and γ vy that are applicable for a critical section in the shape of a closed rectangle. For a critical section of general shape, ACI 421.1R-99 4 replaces J by I, as in Eq. (3) and gives Eq. (4) for γ vy for edge columns.
Shear strength at critical section at d /2 from column face
With unbalanced moment reversals, the maximum shear stress (v u ) max occurs at Side BC or at Points A and D of the critical section (Fig. 9) . Table 2 
where
Megally and Ghali 5 :
The equation for v s , the nominal shear stress provided by shear reinforcement, is common for all three sources and is given by Eq. (1). In all the equations containing √f c ′ when the stress is in psi, replace √f c ′ by 12√f c ′ .
Note that ACI 318-02 3 does not give special equations for the seismic design of stud shear reinforcement in slabs. On the other hand, the equations given by ACI 421.1R-99 4 and by Megally and Ghali 5 provide provisions for the seismic design of stud shear reinforcement; they recommend a relatively low value of v c to account for the reduction in shear strength of cracked concrete caused by cyclic loading. Regardless of the amount of shear reinforcement, each of the above three sources sets an upper limit for v n ; the highest upper limit is (5/6)√f c ′ in MPa (10√f c ′ in psi). It can be seen from Table 2 , Column 13 that the upper limit (5/6)√f c ′ is exceeded in all specimens at Point A of the critical section at d/2 from the column face.
The nominal shear strength provided by SSR in each specimen is calculated by Eq. (1) The nominal shear strength predicted by Eq. (5), (7), and (9) is the lesser of (v c + v s ) and the upper limit specified for each equation; the result of this calculation is presented for each specimen in Table 1 in terms of its value of √f c ′ (Columns 5 to 7) . These values can be compared with the maximum shear stress (v u ) max determined from the tests (Column 8 of Table 1 , or Column 13 of Table 2 ). The comparison indicates that each of Eq. (5), (7), and (9) gives a conservative prediction of v n . Figure 13 and 14 show hysteresis loops plotted during loading stage 2 for specimens EC0C and EC9C, respectively. The abscissas in the figures represent the drift ratio; the ordinates represent the shear stress v u /√f c ′, and the value of v u is for Point A of the critical section at d/2 from the column face (Fig. 9) , calculated using Eq. (3) with V u = 110 kN combined with M u varying as recorded during the loading cycles. The horizontal dashed lines in Fig. 13 and 14 represent the upper limit (v n ) upper limit according to ACI 318-02, 3 ACI 421.1R-99 4 and Megally and Ghali, 5 (1/2)√f c ′, (2/3)√f c ′ , and (5/6)√f c ′ , respectively. From the two figures and Column 8 of Table 1 , it can be seen that in seismic design for punching shear, it is safe to consider that (v n ) upper limi t = (5/6)√f c ′ in MPa (10√f c ′ in psi).
Shear strength for critical section at d /2 from outermost peripheral line of SSR ACI 318-02 3 requires that the shear-reinforced zone extends to a distance (αd) such that the shear stress v u at a critical section at d/2 from the outermost peripheral line of shear studs be less than (11) ACI 421.1R-99 4 and Megally and Ghali 5 adopt the same v c value as ACI 318-02. 3 In the tested specimens, the greatest shear stress is at the free edge, Point A, when M u is negative. Table 1 , Column 9, gives values of (v u ) max /√f c ′ at Point A of the critical section at d/2 from the outermost peripheral line of SSR (Fig. 12) . It can be seen that the values of (v u ) max vary between 1.6 and 1.8 times the predicted value: v c = (1/6)√f c ′ in MPa (2√f c ′ in psi).
It should be possible by the use of Eq. (3) combined with Eq. (11) to predict the value of M uy , and hence, M O , that produces punching shear failure at the outer critical section (Fig. 12) . Similarly, the value of M O that produces punching shear failure at the inner critical section (Fig. 9) can be predicted by Eq. (3) combined with one of Eq. (5), (7), or (9). Consider as an example Specimen EC0C and use Eq. (9) (Megally and Ghali 5 ), the predicted moment at the column centroid that would produce punching shear failure at the inner and outer critical sections would be The lesser of the two absolute values of M O governs. Thus, based on this analysis, one would predict that the failure would occur at the outer critical section at M O = -4 kNm (-35 kip-in.). The failure in the tests of this specimen occurred at the inner critical section. Similar calculations for the other specimens would also predict the failure at the outer critical section; in all tests, the punching failure was at the inner critical section. The reason for the false prediction is believed to be that Eq. (3) overestimates the values of v u at the outer edge due to V u combined with negative M u . This is further discussed in the following section.
Calculation of maximum shear stress at critical section outside shear-reinforced zone
When the earthquake produces a negative unbalanced moment, Eq. (3) gives an overestimate of the shear stress v u at points on (or in the vicinity of) the free edge of the critical section outside the shear reinforced zone (Fig. 12) . No more accurate method exists to determine v u in this particular case. To solve this problem in design, it is suggested herein that when M uy in Eq. (3) is negative, to safely ignore the SSR on the rails running perpendicular to the inner column face (the
studs on the right-hand side of the column in Fig. 12 ). The outer shear critical section will become rectangular as shown in Fig. 15 . The ratio (l x /l y ) will become smaller than or close to 0.2, resulting in γ vy becoming equal or close to zero (Eq. (4)). This will avoid an overestimation of v u that will lead in design to an excessively large shear-reinforced zone (refer to the example that follows).
Example: Design of extent of shear-reinforced zone
To show a case where the design can lead to an excessively large shear reinforced zone, consider an edge-column connection ( Fig. 12) with
where (according to ACI 318-02 3 )
, where f c ′ is in MPa (13) V c is equal to the nominal shear strength (in force units) at the inner critical section (Fig. 9 ) in the absence of unbalanced moment or shear reinforcement. The critical section at d/2 from the column (Fig. 9) Fig. 9 is subjected to unbalanced moment (same value as its upper limit) (14) This is the value of the unbalanced moment that, combined with V u = 0.5V c , produces shear stress in the inner critical section at the outer edge equal to (5/6)√f c ′ , with f c ′ in MPa. This is the upper limit for v n according to Megally and Ghali. 5 Equation (12) and (14) give for the critical section in Step 1-Calculate the maximum elastic interstory drift ∆ e
where l c is the story height and C is a dimensionless factor specified by IBC(2003), Section 16.17. 3, 6 representing the inherent inelastic deformability of the primary resisting system and the occupancy importance of the structure (for example, with shearwalls, 2.7 ≤ C ≤ 6.7).
Step 2-Calculate the unbalanced moment M uy by linear elastic analysis of an equivalent frame, as specified by 
